Purpose Acetabular component malalignment in total hip arthroplasty can lead to potential complications such as dislocation, component impingement and excessive wear. Computer-assisted orthopaedic surgery systems generally use the anterior pelvic plane (APP). Our aim was to investigate the reliability of anatomical landmarks accessible during surgery and to define new potential planes of reference. Methods Three types of palpations were performed: virtual, on dry bones and on two cadaveric specimens. Four landmarks were selected, the reproducibility of their positioning ranging from 0.9 to 2.3 mm. We then defined five planes and tested them during palpations on two cadaveric specimens. Results Two planes produced a mean orientation error of 5.0°[standard deviation (SD 3.3°)] and 5.6°(SD 2.7°). Conclusions Even if further studies are needed to test the reliability of such planes on a larger scale in vivo during surgery, these results demonstrated the feasibility of defining a new plane of reference as an alternative to the APP.
Introduction
Total hip arthroplasty (THA) is one of the most successful joint replacements. Nevertheless, problems may still occur, such as instability, dislocation, impingement, excessive wear or aseptic loosening. Acetabular component malalignment is a key factor explaining such complications [1] [2] [3] [4] [5] [6] [7] [8] [9] . Concerning dislocations, for example, which range between 2% and 11% [8, [10] [11] [12] , Lewinneck et al. [1] proposed a safe zone for cup orientation to prevent risk of dislocation, which was 40°±10°in abduction and 15°±10°in anteversion. Although these values vary from one study to another [13] , a global safe zone is well defined [10] . Moreover, cup malalignment is also responsible for the ceramic-on-ceramic squeaking sound [14] . Indeed, cups outside the safe range are 29 times more likely to squeak, either during walking if anteversion is too high or during flexion if anteversion is too low.
Researchers and surgeons have developed several techniques to ensure the correct cup alignment. Mechanical alignment guides allow positioning the cup with respect to precisely defined subcutaneous or bony anatomical landmarks [2, 6, 7] . A major drawback is that the device may not exactly be in contact with the targeted landmarks and may not be secured in the final position [2] . Moreover, a basic assumption is that the patient's trunk and pelvis are aligned in a known orientation during surgery and remain postoperatively in that particular position [7, 11, 13] . A recent study of 15 alignment guides showed that angles ensuring a safe cup positioning may differ from the ones advised by manufacturers [6] . Another difficulty comes from the minimally invasive techniques, which offer less space and no direct visualisation to ensure correct placement of the guides [7] . Therefore, several companies have developed computerassisted orthopaedic surgery (CAOS) systems to ensure a safer placement of prostheses components. Three types of systems exist [10] , which rely either on preoperative computed tomography (CT)-scan images, intraoperative fluoroscopic images or intraoperative registration of bony landmarks (imageless systems). Regardless of type, these systems ensure a more accurate cup alignment than freehand surgery and use of alignment guides [3-5, 7, 10, 15-17] . The same results were found for positioning femoral-head components during resurfacing hip arthroplasties [18, 19] . Imageless systems are less expensive and easier to use than CT-based ones [5, 7] but, because they rely solely on subcutaneous anatomical landmarks, soft tissues may introduce positioning errors [5, 10] .
CAOS systems generally use the anterior pelvic plane (APP) as a reference, defined by the anterosuperior iliac spines and pubic tubercles. This plane is located by palpation of anatomical landmarks during surgery, but the presence of soft tissues overlying these points may introduce inaccuracies [5, 10, 20] . Moreover, differences between values given by CAOS systems and direct CT-scan measurements lie between 0.0°[standard deviation (SD) 2.8] and 3.5°(SD 4.4°) in abduction, and 3.4°(SD 3.6°) and 6.5°( SD 7.3°) in anteversion [10, 13] . In addition, the APP is supposed to be aligned with the vertical axis in the standing position, which is not always the case [21] . Therefore, the APP may not be as reliable as initially thought. The goal of this study was to define reliable anatomical landmarks that could be palpated intraoperatively, and to propose new alternative planes of reference.
Materials and methods
To test several anatomical landmarks, we considered three pelvic regions (Fig. 1a) : acetabulum, acetabular fossa and acetabular notch. We also considered the subcutaneous and bony points needed for APP plane definition, for comparison purposes. These points were the anterosuperior iliac spines (ASIS) and pubic tubercles. Three parts made up this work: a reproducibility study was conducted regarding palpations on dry bones, then points were virtually palpated on digital pelvic models and on cadaveric specimens. We used a home-made software developed at the LBM, Arts et Metiers ParisTech, to perform the virtual palpations. This software allowed manipulating 3D models and acquiring surface point co-ordinates. Palpations on dry and cadaveric bones were performed using a commercial navigation system (Stryker, Pusignan, France). For such an imageless system, a reference pin was needed and was screwed on the iliac wing (Fig. 1b) .
Reproducibility study
Four orthopaedic surgeons palpated each anatomical region of interest six times on three dry half pelvises, leading to a total of 72 data sets. Using the navigation system, the number of palpated points was set for each anatomical region: 100 points for the acetabulum and acetabular fossa, and 30 points for the acetabular notch. For each anatomical point defined, its intra-and interoperator reproducibility was assessed as the 95% confidence interval (CI), defined as twice the root mean square (RMS value). This RMS value was calculated as follow:
& Intraoperator RMS: for each pelvis (j), the operators palpated six points. The standard deviation (SD j ) of the distances between each of these points and their barycentre was computed and the RMS value was calculated as [22] :
for each pelvis j, we randomly selected one palpation for each operator, giving a total of four points. The RMS value was calculated as previously mentioned.
Virtual palpations
We used five 3D pelvic models reconstructed from millimetric CT-scan images using AMIRA® (Mercury Computer Systems, USA). Three operators (including one orthopaedic surgeon) palpated twice each anatomical region of interest and bony APP points, leading to a total of 60 data sets. The number of palpated points for each region was left to the operator's judgment. This one stopped the palpation when considering the region of interest covered. The optimal number of points was estimated by calculating distances between landmarks built using all palpated points, and landmarks built using only a subset of these points. For each landmark, we randomly selected 10 4 subsets and computed mean and SD of the calculated distances.
Palpations on cadaveric specimens
We used two cadaveric specimens: one male and one female. One surgeon fixed the screws to the pelvis to precisely locate the bony APP points, i.e. ASIS and pubic tubercles. Three operators palpated once each anatomical region of interest and each bony APP point, leading to a total of six data sets. Moreover, in order to compare bony and subcutaneous APP planes, two operators also palpated ten times the external APP points. Because of the navigation system, we had to set in advance the number of palpated points for each anatomical region. We chose 30 points for the acetabulum and acetabular fossa and ten points for the acetabular notch.
Reliability of landmark positions and plane orientations
To build anatomical planes of interest, we defined several anatomical landmarks based on the palpated regions or points (Fig. 2a) : ASIS, pubic symphysis (PS, barycentre of the pubic tubercles), hip-joint centre point (JC, centre of the sphere that best fitted the points palpated on the acetabulum), acetabular notch point (AN, barycentre of the points representing this region). In addition, two different landmarks of the acetabular fossa region were tested. We obtained the first landmark (AF1) by finding the leastsquare plane fitting the acetabular fossa region and by orthogonally projecting JC on this plane (Fig. 2b) . We obtained the second landmark (AF2) by finding the least square plane fitting the acetabular fossa and notch regions and by orthogonally projecting JC on this plane (Fig. 2c) . Three types of planes were built ( Fig. 3) : -Two APP planes: left ASIS -right ASIS -PS, with either bony (Fig. 4a) or subcutaneous points. -Two intra-articular planes: JC -AF1 or AF2 -AN (Fig. 4b ). -Three extra-articular planes: JC -AF1 or AF2 -ASIS (Fig.3c) and JC -AN -ASIS (Fig. 3d) .
To assess the most reliable landmarks, the following procedure was executed for each of them. For each pelvis, distances between palpated points and their barycentre were computed. We then calculated the SD of the distances for all pelvises and considered it as the positioning error. We followed the same kind of procedure to assess the most stable plane, the distances being replaced by the angles between the normals of all the planes and their barycentre. We again considered the SD of all angles as the orientation error.
Sensitivity of plane orientations
We used the mean distances between anatomical points to build a tetrahedral model of the hip (Fig. 5a ), which consisted of four points: JC, AN, AF2 and ASIS. Then, 10 4 calculations were performed for each of the six following positioning reproducibility values (0.5, 1.0, 1.5, 2.0, 2.5 and 3 mm). The procedure included modification of each point position by adding a gaussian noise related to the reproducibility value considered, thus obtaining a modified tetrahedron. The normal of each plane was then calculated and its stability assessed as described above.
Results

Reproducibility study
Intraoperator values ranged from 0.4 to 2.1 mm for JC and AN, respectively, whereas interoperator values ranged from 0.9 to 2.3 mm (Table 1) . 
Reliability of landmark positions and plane orientations
The number of points picked during virtual palpations ranged from 10 to 183, depending on the region and the operator. The mean number for the acetabulum was 97 (SD 35), for the acetabular fossa 61 (SD 23) and for the acetabular notch 21 (SD 6). For each region, the mean was between the number of points defined for palpations on dry bones (respectively 100, 100 and 30) and on cadaveric specimens (respectively 30, 30 and 10). Mean positioning errors between landmarks and their barycentre ranged from 0.8 to 17.8 mm (Table 2) . Concerning virtual palpations, values did not exceed 3.1 mm, obtained for AF1, whereas a minimum value of 0.9 mm was obtained for JC. Concerning palpations on cadaveric specimens, values for subcutaneous APP landmarks were up to 17.8 mm for PS, whereas values for bony points ranged from 0.9 mm for PS to 5.6 mm for AF1.
Mean orientation errors ranged from 0.1°to 9.7° (Table 3 ). The bony APP plane was the most stable as operators palpated the screws, whereas the extra-articular plane JC -AF1 -ASIS was the least stable.
Sensitivity of plane orientations
Orientation errors of anatomical planes varied linearly with the reproducibility of the associated landmarks. As expected, intra-articular plane JC -AF2 -AN was less stable than extraarticular ones JC -AF2 -ASIS and JC -AN -ASIS. The mean orientation error of this intra-articular plane increased >5°when landmark reproducibility >2 mm. ASIS anterosuperior iliac spines, PS pubic symphysis, JC joint centre, AF1 first landmark, AF2 second landmark, AN acetabular notch
Discussion
The purpose of this study was to propose reliable anatomical bony landmarks accessible in the surgical approach. These landmarks were then used to build potential planes of reference as an alternative to the APP. Results of the reproducibility study (Table 1) showed that all defined landmarks were reproducible enough to be used to build intra-or extraarticular pelvic planes. In order to obtain reliable landmarks, i.e. presenting an error (mean + 1SD) <1 mm (Fig. 5) , the minimum number of points to be palpated should be about 40 for JC, 70 for AF1 and AF2 and 20 for AN. These numbers are low enough to allow palpation during surgery, as CAOS systems usually permit continuous acquisition during displacement of the palpation probe device. As expected, lowest dispersions were found during cadaveric palpations for the bony APP points ASIS and PS (Table 1 ). These dispersions were higher for palpations on the virtual models, showing that these APP points are not easy to precisely locate. Moreover, dispersions were much higher for subcutaneous points, which is the main cause of inaccuracies between intraoperative angles given by CAOS systems and postoperative CT-based controls [5, 10, 20] . This result is due to soft tissues overlying anatomical landmarks. Indeed, Ybinger at al. [13] correlated soft tissue thickness with differences in both anteversion and abduction values between CAOS and CT-based measures. The influence of soft tissues also explains why a high body mass index can affect the accuracy of cup placement [15] . This demonstrates why reliable bony landmarks, such as JC, AF2 and AN, in the operative approach (Table 1) could be useful to replace these subcutaneous points. AF2 is more reliable than AF1 because the former is projected on the plane fitting both the acetabular fossa and notch regions, and that plane is more stable than the one used to define AF1.
Although the subcutaneous APP is quite stable because of the rather large distances between its associated points (Table 2) , the orientation errors between its normal and the true normal of the bony APP were 3.1°and 6.3°for the two cadaveric pelvises. This shows that, despite its relative stability, the subcutaneous APP presents a difference with the bony APP, which may itself not be aligned with the vertical axis or stayed in the same position during surgery [3, 5, 7, 10, 11, 23] .
Two planes may be of interest as an alternative to the APP: one extra-articular plane, JC -AF2 -ASIS; and one intra-articular plane, JC -AF2 -AN ( Table 2 ). The intraarticular plane is obviously more interesting, as all the anatomical landmarks involved could be palpated intraoperatively, without any use of subcutaneous points or additional incision to palpate the bony ASIS. This approach is consistent with the development of minimally invasive techniques [7] . The Monte Carlo simulation highlighted the fact that landmark reproducibility has to be less than two millimetres in order to obtain reliable intra-articular planes (Fig. 5b) . A simulation using the interoperator reproducibility calculated for JC, AF2 and AN (Table 1) led to a mean orientation error of 4.8°(SD 3.1°). The results of this study are encouraging and show that two of the five planes proposed may be used as an alternative to the APP. Nevertheless, even if the feasibility of palpating the necessary anatomical landmarks has been demonstrated on cadaveric specimens, a more extensive study should be conducted in vivo during surgery. Indeed, we must ensure that the reproducibility of such landmarks is low enough to attain a reliable orientation of the resulting plane.
Conclusion
Although computer-assisted orthopaedic systems have been proven to be more reliable than freehand techniques in terms of cup orientation, they all rely on the APP, which may not be as stable and reproducible as thought. In order to propose alternative planes of reference, we defined several anatomical landmarks accessible during surgery in the operative approach and assessed their reproducibility during palpations on 3D virtual models, on dry bones and on two cadaveric specimens. Using these landmarks, we found two potential replacement planes for the APP: one extra-articular plane, involving the homolateral ASIS, and one intra-articular plane, involving only landmarks inside the region accessible during surgery. These planes do not present the drawbacks linked to the subcutaneous APP. Nevertheless, further studies are needed to assess the reliability of these two planes in vivo during surgery. APP anterior pelvic plane,JC joint centre, AF1 first landmark, AF2 second landmark, AN acetabular notch, ASIS anterosuperior iliac spines
